Effat Samir, Nader Shehata, Ishac Kandas, "Fluorescence intensity and lifetime quenching of ceria nanoparticles as optical sensor for tiny metallic particles," J. Nanophoton. 12(1), 016007 (2018), doi: 10.1117/1.JNP.12.016007. Abstract. Ceria nanoparticles are studied as optical probe for different types of tiny metallic particles using fluorescence quenching technique. The synthesized ceria nanoparticles are characterized by having formed charged oxygen vacancies, which can be considered as the main receptors for the used tiny metallic particles to be sensed or absorbed. Under near-UV excitation, the visible fluorescent emission intensity is found to be reduced with increasing the concentration of the studied tiny metallic particles in an aqueous solution. To emphasize the optical sensing process, ceria nanoparticles fluorescence lifetime measurements were demonstrated before and after adding the tiny metallic particles. In addition, Stern-Volmer constants, which are considered as an indication for the sensitivity to quenchers, have been calculated for the used ceria nanoparticles and found to be 1.645, and 0.768 M −1 for both lead and iron sensing, respectively. This work could be further helpful as sensitive optical sensors in both biomedical and environmental applications.
Introduction
Cerium oxide (ceria) nanoparticles extensively attract great research and commercial interests due to their observable capability to capture radicals and dissolved oxygen. 1, 2 These promising properties are useful in many applications related to the medical, environmental, and sustainable energy fields. [3] [4] [5] Depending on the oxidation state of cerium ions, ceria could exist in two forms: active with associated charged oxygen vacancies (O-vacancies) associated to trivalent ionization state of cerium ion (Ce 3þ ) and nonactive ceria with no formed O-vacancies according to the normal cerium ion of (Ce 4þ ). 6 The formed active (Ce 3þ ) ions undergo a relaxation process from 5d-4f transitions under near-UV excitation, which results in a green wavelength fluorescence photons emission around 520-nm wavelength. The intensity peak of this fluorescence emission has a direct proportionality with the number of these O-vacancies formed during the synthesized process. Thus, these formed O-vacancies can act as optical probes to scavenge some charged particles, such as reactive oxygen species, metal ions, and dissolved oxygen. [5] [6] [7] In this presented research work, ceria nanoparticles have been investigated as colloidal fluorescent probe for different types of tiny metallic particles, such as lead (Pb) particles and iron (Fe) particles, as studied optical quenchers. Hence, any adsorption of these tiny particles in ceria O-vacancies will result in lowering the fluorescence intensity, and consequently that could be considered the sensing technique using ceria nanoparticles host. During the experimental work, different optical characterization techniques, such as absorbance dispersion, direct bandgap, and fluorescence intensity of the synthesized nanoparticles, are presented to give a proof-of-concept of having charged oxygen vacancies. Moreover, fluorescence lifetime, which is an intrinsic property, has been investigated for the synthesized ceria nanoparticles using a simple, low cost, handmade setup. In general, fluorescence lifetime measures the time by which the excited fluorophores spend in the excitation states before returning back to the ground state. 8 Lifetime can be considered an important characteristic that is sensitive to various parameters within ceria nanoparticles, including pH, temperature, and oxygen vacancies concentrations, which are highly influenced after adding the studied tiny metallic particles. 9, 10 Then, the application of ceria nanoparticles as fluorescence-quenching probes for different tiny metal particles is presented in detail. The amplitude variation of the fluorescence intensity emission of the colloidal ceria nanoparticles is measured as a function of the tiny particles concentration in an aqueous solution. After that, Stern-Volmer constants are calculated at room temperature to determine the sensitivity of ceria nanoparticles toward the studied tiny particles. To emphasize the concept that ceria nanoparticles formed oxygen vacancies are the main receptors of the metallic sensing probes, fluorescence lifetime measurements have been investigated after introducing these studied tiny metallic particles.
Experimental Procedure
Ceria nanoparticles are synthesized using chemical precipitation technique, similar to what is described in Refs. 11 and 12, as it is relatively a simple procedure and needs low cost precursor. During ceria preparation, 0.5 g of cerium (III) chloride heptahydrate (99.9%, Sigma-Aldrich) is added to 40 mL deionized (DI) water, and then 1.6 ml of ammonia is added as a catalyst. The solution is stirred over a magnetic stirrer for 24 h in an open container at rate 500 rpm. During the first 2 h of the stirring, the container is held in 50°C water bath and then the solution is allowed to cool to room temperature for the remaining period of stirring. To test the ability of ceria nanoparticles to attract and absorb the added tiny particles, different concentrations in grams of different types of tiny metal particles, lead (Pb) and iron (Fe) particles, are added to 1 mg∕ml of ceria nanoparticles in DI water. Diluted solutions of ceria nanoparticles with/ without different concentrations of the studied tiny particles are inserted in quartz cuvette and optically characterized using dual-beam UV-Vis-NIR spectrometer (PG 90þ spectroscopy) that obtains the absorbance dispersion from 300 to 700 nm and the corresponding allowed direct band gap. The synthesized nanoparticles are then imaged using JEOL transmission electron microscope (TEM) with accelerating potential of 80 KV while calculating the mean diameter using ImageJ software. X-ray diffraction (XRD) analysis of the synthesized nanoparticles is measured using a Rigaku XRD via Cu Kα radiation (λ ¼ þ0.145 nm). The experimental apparatus that used to correlate the fluorescence quenching mechanism for ceria nanoparticles with different concentrations of tiny metal particles is shown in Fig. 1 . Tiny metal particles embedded in a diluted ceria nanoparticles solution are inserted in a fluorescence quartz cuvette that is exposed perpendicularly onto one of its sides to a 430-nm ultraviolet (UV) LED excitation. Newport cornerstone 130 monochromator is positioned perpendicularly on the other side of the quartz cuvette for collecting the obtained fluorescence intensity peak over a visible wavelength range scanned from 500 to 700 nm with minimum scattering. Oriel photomultiplier tube (PMT Newport 77360) is used to detect and amplify the scanned wavelength region from the monochromator output port and then send the detected data to Newport Power meter 1918R to start saving and analyzing the measured data. Within the same setup but with small modification, fluorescence lifetime measurements for ceria nanoparticles have been investigated to determine the lifetime behavior of ceria nanoparticles before and after introducing the studied tiny metallic particles. A continuous 420-nm UV-laser source followed by a 10-KHz optical chopper (MC2000B) is introduced as a replacement of pulsed laser source and instead of the continuous LED source in the fluorescence intensity step. These laser pulses are focused onto the cuvette that contains ceria nanoparticles after and before adding the studied tiny metallic particles.
The monochromator is adjusted to collect the obtained fluorescence emission pulses from the cuvette over a fixed visible wavelength at 520 nm. The collected pulses are detected using the PMT that is connected and followed by the power meter, which is adjusted to capture and save the emission pulses within about 5 s for further analysis. This simple setup fluorescence lifetime measurement setup is much lower in both complexity and cost compared to similar instruments of fluorescence lifetime spectroscopy, depending on tunable pulsed laser source as an excitation source and photon counter. 10 3 Results and Discussion
Characterization of Synthesized Nanoparticles
The measured optical absorbance dispersion spectra of the synthesized nanoparticles have been shown in Fig. 2(a) . The allowed direct bandgap is calculated from the linear region of the absorbance dispersion curves based on the following equation: 13 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 4 0 0
where α is the absorbance coefficient, A is a constant that depends on the effective masses of electrons and holes in the material, E is the absorbed photon energy, and E g is the allowed direct bandgap. The direct bandgap of the synthesized nanoparticles has been shown in Fig. 2(b) . Experimentally, ceria nanoparticles bandgap is within the range from 2.7 to 3.7 eV, depending on the synthesis method, growth and postgrowth process temperatures, and the size of the particles. 14 The calculated direct bandgap of our synthesized ceria nanoparticles is closer to 3.1 eV, which indicates the existence of Ce 3þ ions formation with corresponding oxygen vacancies. 14, 15 Figure 2(c) shows fluorescence intensity peak of ceria nanoparticles initially without any additions, the studied tiny metal particles. The formation of visible emission peak at 520 nm under near-UV excitation confirms the relaxation via the 5d-4f transition of excited Ce 3þ ions in Ce 2 O 3 , which results in such a photon emission. Therefore, the higher concentration of cerium tristate ions in nonstoichiometric CeO x along with an increase in the associated O-vacancies is resulting in stronger fluorescence emission. 9 For the fluorescence life time measurement shown in Fig. 2(d) , the duration of each emitted fluorescence pulse was about 20 ms, where the average pulses taken in 5 s were obtained. Fluorescence life time values can be calculated, where the maximum intensity of the fluorescence emission is reduced by about 37% from its initial maximum value. 10 The decaying lifetime curve is fitted to get an approximate value of the fluorescence lifetime about 5.71 ms, which confirms that ceria nanoparticles are quite closer to be phosphorescence materials. Both TEM image and XRD pattern of the synthesized ceria nanoparticles are presented in Figs. 3(a) and 3(b) , respectively. The mean diameter of the nanoparticles is found to be ∼6 nm. The distribution of ceria nanoparticles' size is shown in Fig. 3(c) , obtained from the analysis of TEM image. From the first diffraction peak of the most stable surface plane of ceria in XRD pattern, (111) plane, the mean diameter is confirmed to be ∼6 nm using Scherrer's formula. 16, 17 
Analysis of the Tiny Metal Particles Optical Sensing Techniques
The visible fluorescence emissions of colloidal solutions containing 20 ml ceria nanoparticles at different concentrations of different types of tiny metal particles, such as lead (Pb) and iron (Fe) tiny particles, are shown in Fig. 4 . Our measurements show that the synthesized ceria nanoparticles have the ability to sense the existence of very slight amounts of tiny particles. The relation between the amplitude of the fluorescence signal and the quencher concentration, tiny metal particles, is clarified in Fig. 5 . The linear part only is described by the Stern-Volmer equation, as follows: 18 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 1 1 6 ; 3 9 5
where I o and I represent the peak intensities of the steady-state fluorescence in the absence and presence, respectively, of the tiny particles quenchers, K SV is the Stern-Volmer quenching constant, which is an indication for the sensitivity of the nanoparticles to sense the existence of such quenchers, tiny particles, 19, 20 and [Q] is the ceria nanoparticles dissolved oxygen concentration. We found that the quenching has been saturated at concentration of ∼1 g∕10 mL of the solution. The values of the calculated K SV values of the synthesized nanoparticles are calculated from Fig. 4 Normalized fluorescence quenching due to the increase of (a) Pb and (b) Fe tiny metal particles concentrations at room temperature for diluted ceria nanoparticles solutions (concentration of metal particle in g/L of the solution). the slope of the fitted line, and found to be 1.645, and 0.768 M −1 for ceria nanoparticles toward tiny Pb and Fe particles, respectively. The relative fluorescence intensity, according to the static quenching of tiny metallic particles, shows more linear behavior in the case of lead sensing compared to iron case, which shows some saturation effect at a higher weight ratio.
Fluorescence lifetime measurements toward some chosen concentrations of the studied tiny metallic particles are shown in Fig. 6 . It is clear that ceria nanoparticles fluorescence life has been suffering from a huge reduction from 5.71 to 2.48 and 2.135 ms after introducing up to 0.45 g of both tiny Pb and Fe particles, respectively, in 10-mL solution sample. This reduction in the fluorescence life time is another confirmation that the number of the formed O-vacancies within ceria nanoparticles has been reduced after demonstrating the studied tiny metallic particles. Therefore, this could be another proof that the formed O-vacancies are the main optical receptors for the charged particles including tiny metallic particles. Hence, ceria nanoparticles are valid to be optical sensors for different types of the tiny metallic particles that exist in an aqueous solution. In both Pb and Fe, the limit of detection is up to 1 g∕L of the water solution including ceria nanoparticles. The range of detection is from 0 to 1 g∕L solution. Tables 1 and 2 show the change within ceria nanoparticles lifetime after introducing tiny Pb and Fe particles, respectively. One important point here to be mentioned that both rise and fall times of the optical pulses generated from the optical chopper at 10 KHz are shown in Fig. 7 . It is observed that both rise and fall times do not exceed 0.55 ms, which is much smaller compared to the obtained fluorescence lifetime. This confirms the fact that the fluorescence lifetime experimentally detected has low contribution of the setup response and the dominant impact is coming from the fluorescence itself.
Conclusions
The presented work introduces a new application of the synthesized ceria nanoparticles as colloidal sensors for different types of tiny metallic particles sensing with fluorescence quenching technique. Our synthesized ceria nanoparticles are characterized to prove its capacity of O-vacancies, which could be the probes for tiny particle ions, such as lead (Pb) and iron (Fe). Ceria nanoparticles have reduced visible fluorescence emission peaks with increasing the tiny metallic particle concentrations under 430-nm optical excitation. Stern-Volmer constants are calculated to determine ceria nanoparticles sensitivities toward the tiny metallic particles, which show that ceria nanoparticles are highly sensitive toward such quenchers. Another proof that ceria nanoparticles of O-vacancies are the main receptors for the existence of the tiny metallic particles, fluorescence lifetime measurements have been demonstrated using a simple, low cost, handmade setup. Fluorescence lifetime value has been reduced also after introducing the studied tiny metallic particles. This work could be helpful in some biomedical, industrial, and environmental applications. Samir, Shehata, and Kandas: Fluorescence intensity and lifetime quenching of ceria nanoparticles. . .
